The bandwidth limitation in space fed phased arrays (that results from the use of phase shifters to implement beam steering) is overcome by a lens arrangement in which independent feeds are provided at the focal plane of the lens. Each feed generates a collimated beam in a different spatial direction. Each beam can then be steered about its central position by means of phase shifters, while retaining a substantially improved band width. An algorithm is derived for designing three-di mensional (3D) microwave lenses with line source feeds by stacking a number of identical two-dimensional (2D) parallel-plate, wide-angle constrained lenses into a cy lindrical antenna structure. This lens design provides focused beams over a wide range of scan angles in both elevation and azimuth with only small optical aberra tion. A wide variety of lens designs can be achieved through this algorithm, dependent upon the constraints which are selected for the 2D lens counterpart. For one design, where all the transmission line lengths in the lens are made equal, the phase errors for beam scanning in the plane containing the cylindrical axis of the an tenna are less than their broadside values, regardless of scan angle. This permits wide-angle coverage in both elevation and azimuth from a single lens with both good beam and quality and bandwidth.
The bandwidth limitation in space fed phased arrays (that results from the use of phase shifters to implement beam steering) is overcome by a lens arrangement in which independent feeds are provided at the focal plane of the lens. Each feed generates a collimated beam in a different spatial direction. Each beam can then be steered about its central position by means of phase shifters, while retaining a substantially improved band width. An algorithm is derived for designing three-di mensional (3D) microwave lenses with line source feeds by stacking a number of identical two-dimensional (2D) parallel-plate, wide-angle constrained lenses into a cy lindrical antenna structure. This lens design provides focused beams over a wide range of scan angles in both elevation and azimuth with only small optical aberra tion. A wide variety of lens designs can be achieved through this algorithm, dependent upon the constraints which are selected for the 2D lens counterpart. For one design, where all the transmission line lengths in the lens are made equal, the phase errors for beam scanning in the plane containing the cylindrical axis of the an tenna are less than their broadside values, regardless of scan angle. This permits wide-angle coverage in both elevation and azimuth from a single lens with both good beam and quality and bandwidth. The invention described herein may be manufactured and used by or for the Government for governmental purposes without the payment of any royalty thereon.
BACKGROUND OF THE INVENTION
This invention relates to microwave space fed phased array antennas and, in particular, to a three-dimensional cylindrical microwave lens antenna for wideband scan ning applications, Microwave space fed antenna arrays which are capa ble of directively radiating wideband radio signals and steering their beams over a wide range of angles in both azimuth and elevation are widely utilized in tactical and strategic radar and surveillance systems, wideband mi crowave communication systems, radio aids for naviga tion and as electronic counter-measures antennas.
Conventional phased array antennas radiate a single directive beam which is steered by means of phase shift ers located at each radiating element. However, the bandwidth of these arrays is limited since phase shifters are not true time delay units, which would be required for proper bandwidth compensation of path length dif ferences encountered during beam scanning.
Current methods for overcoming this bandwidth limitation involve sub-arraying or dividing the aperture into sub units. This requires a limited number of time delay units combined with a large number of phase shifters at the radiating element level. This approach has not been wholly satisfactory, however, since the time delay units are complex and contribute to high insertion losses and high side lobes in the antenna.
Other state-of-the-art systems that require wide angle scan in both azimuth and elevation with wideband per formance often use stacks of bootlace lenses feeding an orthogonal set of similar lenses. Unfortunately, for moderate to high gain antennas this arrangement can be very bulky, expensive, complex, unreliable and heavy.
Accordingly, there currently exists the need for a space fed phased antenna array which can scan a direc tive beam in azimuth and elevation without using com plex time delay units at each radiating element and without the usual bandwidth restrictions in phased ar rays caused by path length differences during scan. The present invention is directed toward satisfying that need.
SUMMARY OF THE INVENTION
The invention comprises a cylindrical constrained microwave lens antenna which can generate highly focused, multiple, independent beams from line source feeds over a wide scanning range in both azimuth and elevation. For wideband operation a beam is generated in the general direction of the desired scan sector through the selection of an appropriately located line source feed and then scanned over a limited region of space by means of phase shifters at the radiating ele ments. Other spatial regions are similarly scanned by switching to their corresponding feeds. By this means path length differences in the lens, which must be com pensated by the phase shifters, are minimized and the bandwidth is increased in proportion to the number of independent feed positions. In a second embodiment an independent feed position may be provided for each Finally, a procedure has been developed whereby the 3D cylindrical lens, scanning in both azi muth and elevation, may be designed on the basis of a 2D constrained, planar lens prototype which scans in the azimuth plane only. A simple algorithm, which relates the path length errors in the 3D cylindrical lens to those in the 2D lens, shows that these errors are independent of the elevation scan angle if the transmis sion line lengths in the lens are all equal.
In a specific embodiment of the invention four feed horns are equally spaced along the focal arc of a two-di mensional microwave constrained lens (azimuth scan only). Energy from a transmitter can be directed to any one of the horns by means of a switching tree. Each horn, in turn, forms a beam in a different azimuth direc tion for the zero phase shifter setting. When a linear phase shift is added to the aperture illumination by phase shifters, the beam scans to either side of its zero phase shift position. Extended angular coverage can then be obtained by dividing the scan sector into subre gions, each with its own feed horn.
The invention also comprehends a 3D lens antenna which is derived as a vertical stack of identical 2D
parallel-plate constrained lenses. Its outer surface then becomes a planar array (or, more generally, an array on a cylindrical surface) of radiating elements. The feed horns, or point source feeds, in the 2D lens are replaced by line source feeds, oriented parallel to the cylindrical axis of the lens, where the azimuth scan angle b is deter mined by the feed's position on the focal surface. Each line source is progressively phased along its length which radiates a cylindrical wavefront tilted relative to the horizontal by the desired elevation angled. This corresponds to rays emitted from a point on the line source all lying on the surface of a cone with vertical axis and half angle of 90-d. The 3D lens is then de signed to focus these rays to corresponding azimuth and elevation angles. The 3D lens design depends upon a correspondence between its rays and those of a 2D lens. Equality be tween the central ray and a general ray from a focal point in a 2D lens gives the relation (FIG. 10) FP+(W-W)-(E-A) cos a + N sin a =F (l)
The corresponding relation for the 3D lens is:
Here, oc is the azimuth angle and £3 the elevation angle for the radiated beam. Comparison of these two equa tions shows that they are identical under the transfor
The design for a 3D cylindrical lens is then obtained from an equivalent 2D lens design by changing the transmission line lengths W to new values W in accor dance with equation 3. The transformation does not change the shape of either the inner or outer lens con tours and applies to any 2D constrained lens prototype which may be described by a set of equations of the form of equation 1.
For line source feeds which are not located at the foci, an expression is derived related the path length 4,381,509 3 errors AL in a cylindrical 3D lens to the path length errors AL2D in its 2D lens prototype:
Here, 6 is the elevation angle for which the 3D lens is designed and f the operating elevation angle. Equation 4 provides a simple method of evaluating the errors in a 3D lens from a description of its 2D prototype. In par ticular, if the transmission lines are all made equal in length (W = Wo), then the path length errors in the 3D lens for any elevation angle are less than those for the equivalent 2D lens. It is a principal object of the invention to provide a new and improved cylindrical microwave lens antenna for wideband scanning applications.
It is another object of the invention to provide a moderate to high gain space fed phased antenna array with wide angle scan capability that is not subject to the bulk, cost, complexity and reliability limitations inher ent in stacked bootlace lens type devices.
It is another object of the invention to provide a space fed phased antenna array that is not subject to high insertion losses and high side lobes.
It is another object of the invention to provide a space fed phased antenna array that can scan a directive beam in azimuth and elevation without using complex time delay units at each radiating element and without the usual bandwidth restrictions in phased arrays caused by path length differences during scan.
These together with other objects, features and ad vantages will become more readily apparent from the following detailed description when taken in conjunc tion with the illustrative embodiments in the accompa The apparatus of the invention, in general, comprises a cylindrical constrained microwave wide angle lens antenna, a plurality of feed elements positioned on the focal arc of the lens antenna to illuminate its pickup elements and switching means for selectively connect ing feed elements to a transmitter. Phase shifters are included to control each lens radiating element. The basic concept of the invention is to select one of the beams in the wide angle microwave lens antenna (each beam being properly focussed to point in different di rections in the absence of phase shifters) and then scan ning the selected beam about its zero phase shift posi tion by means of the phase shifters at each radiating element in the lens.
In the following detailed description of the invention design equations for both 2D and 3D lenses are devel oped. FIG. 1 When a linear phase shift is added to the aperture illumi nated by the phase shifters, the beam scans to either side of its no phase shift position, as illustrated by the dotted curve 32 (Phase scanned M'th Beam). The bandwidth limitation, imposed by this phase scanning, is given by The chosen value of C depends not only upon the aperture illumination but, also, upon the permissible beam quality (side-lobe level) deterioration. Suppose now that it is desired to scan an angular sector from 60 to -80. The bandwidth for a single feed horn input is given by Equation 5 with N=1 and 8=61. On the other hand, the scan sector can be divided into N sub sectors, each with its own feed horn. In this latter case, the N beams are selected between -sin 8 and --sin 8 so that each beam scans over non-overlapping regions -A/2 to --A/2 in sin 6 space (FIG. 5) . The bandwidth is then increased, according to Equation 5, in propor tion to the number of feed horns.
This conceptual antenna system is constrained to scan in azimuth only. The beam can be narrowed in elevation by using the lens output as a line source feed for a cylin drical lens or reflector. However, in many applications beam steering is required in both planes. The design equations and analysis of a 3D lens antenna which forms focused beams in both azimuth and elevation are herein after presented.
The design principles of a 3D cylindrical lens which forms aberrationless beams in azimuth only are now considered. These design principles will be developed position with both an elevation angled and an azimuth angle 81. This change requires two modifications to the lens design. First, a progressive phase is introduced along the line source feed so that the phase fronts of its cylindrical radiated wave are tilted at the angle d1. This corresponds to the rays emitted from a point on the line source all lying on the surface of a cone with a vertical axis and a half-angle of 90-d1. Second, the lens pa rameters must be redesigned to correspond to these new ray directions so that the three aberrationless beams occur in spatial directions of (8,b)=(0, d1), (81, b) and (61, d1). From symmetry considerations a second conjugate set of three aberrationless beams must also occur at (6, -qb), (61, -di) and (-81, -d) if the line source feeds are inverted so that the phrase progresses downward rather than upward, giving a total of six aberrationless beams (FIG. 9) . Beams with acceptable aberrations can then be formed anywhere within the solid rectangle bounded by 6TB) 8> -6TB and bTB) db) -d TB in  FIG. 9 by selecting an appropriate focal position and progressive phase rate for each line source feed. The beams can be scanned even further (within the dashed box) by adjusting the phase shifters in the planar array, as limited by bandwidth considerations. The elevation scan can potentially be increased over that for the broadside lens design by this means.
One problem that might be expected from this proce dure is that two line source feeds at focal locations (8a, dbb) and 6a, -d) overlap since they are at the same azimuth location. This can be easily avoided by separat ing these two feeds slightly in azimuth along the focal surface so that their mutual interaction is negligible (with appropriate phase shifter adjustments for their beam position). An alternate solution is to use mul tibeam line source feeds, such as the 2D parallel plate constrained lens, for generating the --qbb and -bb beams from a single line aperture. This latter type of design can be extended to an antenna system which consists of the cylindrical 3D lens with closely spaced multi-beam line source feeds to provide overlapping beams which cover all directions in both 8 and b with out the need for phase shifters. However, the switching matrix then becomes more complex as one output is required for each beam position.
The design equations for the 3D cylindrical lens will next be derived, subject only to the restriction that each of the stack of identical parallel plate 2D lenses which comprise the cylindrical structure be symmetrical and of the general constrained type. This latter condition requires only a one-to-one mapping of points on the inner and outer surfaces of the lens (FIG. 11) . It thus includes, for example: (a) the lens with one conjugate pair of off-axis focii, one on-axis focus and a straight FP+W-S cos a + N sin or =F+W-A coso.
(7) An expression is now derived, similar to equation 7, for the ray path difference in the 3D cylindrical micro wave lens, using the same variables whenever possible. The principal differences are the addition of a Z dimen sion for the cylindrical axis of the lens and of an eleva tion angle f3. The direction of each beam is then speci fied by the azimuth and elevation angles (oc£3).
In the ray tracing procedure, the rays are all assumed to originate from a point on the line source feed at an angle of y =90-£8 with the Z axis. The central and a general ray, emanating from a point F2 on one of the line source feeds, are shown traced through the lens in 
The line segment QM is evaluated as the distance from a point Q, located on the outer lens surface, X2 (E1, N1, Z1) to the wavefront plane which is tilted relative to the YZ plane at an azimuth angle oc and elevation angle f3 and also, passes through the point O2 at ( The relation between the azimuth and elevation angles and the directional angles are given by (FIG. 12 
The conclusion obtained from this derivation is that the design for a 3D cylindrical lens may be obtained from an equivalent 2D constrained lens design by sim ply changing the transmission line lengths W to new values W in accordance with equation (21). This trans formation does not change the shape of either the inner or outer lens contours. It applies to any constrained 2D lens which may be described by a set of equations of the form of equation 7, which includes designs for which the outer lens contour is not straight. It also includes waveguide types where W is defined as the optical path length in the waveguide. A relation will now be derived for the path length difference, L, between the central ray and a general ray when the line source feed is not at a location of perfect focus. For the 2D case, the path length equality of equa tion 7 no longer holds and is replaced by (22) A similar equation (related to equation 19) may be written for the 3D cylindrical lens which is designed for an elevation angle f3:
Equations 21, 22 and 23 combine to give an expres sion for the path length errors AL in a cylindrical 3D lens operating at an elevation angle (3 and derived from a 2D lens which has path length errors AL2D; AL = AL2D cos 3+(V-)(cos Bo-cos 3)
Equation 24 gives a simple method of evaluating the path length errors in a 3D lens from a knowledge of its 2D counterpart. The factor (W-Wo) (cos (3-cos g) reflects the fact that the transmission line lengths are selected for a design elevation angle (3, rather than for the operating angle g, from the relation W=(W-W)=(W-W) cos go. The contribution of the factor AL2D cos g to AL is always less than the value AL2D (path length differences in the 2D lens). In particular, if a 2D design can be found for which W = W, then AL = AL2D cos 3 and path length errors for the 3D design would always be less than that for the 4,381,509 9 2D design at any elevation angle. A design for a 2D lens with this constraint will next be developed.
The particular 2D lens configuration to be investi gated has one conjugate pair of off-axis foci (F1 and F2) at angles -oc to the x axis and one on-axis focus (G1). Also, all transmission line lengths in the lens are identi cal (W = W). These constraints require that the outer contour of the lens be curved (E-A=O). Three equa tions, one for each of the three focal points, are now written in the form of equation 7:
FP-scos o-+ N sin or =F (25) FP-Ecos (k -N sin c =F
Gif-e-G This procedure gives a lens which has three perfect focus points corresponding to the angles hoc and 8. For wide angle scanning the lens must focus well not only at these three points, but also at all intermediate angles along the focal arc. The value of the factor g which minimizes the overall phase aberrations in the Ruze lens design (y=m) and is a good choice for the Gent design (y-An; w-wo=0) may also be expected to be close to optimum for the present design, giving:
The focal arc is chosen as aportion of a circle of radius R, which passes through the two symmetrical off-axis and one on-axis focal points.
Preliminary analysis indicates that the value of g which is selected in accordance with equation 37 gives a practical lens design in that the other lens contour is reasonably flat (8 small) and optical aberrations from intermediate points along the focal arc within useful limits.
Although the invention has been described with ref.
erence to a particular embodiment, it will be understood to those skilled in the art that the invention is capable of a variety of alternative embodiments within the spirit and scope of the appended claims.
What is claimed is:
1. A three dimensional space fed wideband scanning microwave antenna comprising: a multiplicity of two dimensioned parallel plate con trained cylindrical lens elements arranged in a ver tical stack to effect a three dimensional cylindrical lens, each said two dimensional parallel plate con strained cylindrical lens elements including a linear array of n pickup elements disposed along the inner surface thereof, a liner array of n radiating ele ments disposed along the outer surface thereof, each radiating element having a corresponding substantially adjacent pick up element, and a trans mission line connecting each radiating element with its corresponding pick up element, A plurality of discrete feeds positioned in spaced relationship in an arc having substantially the same radius as the focal arc of said three dimensional cylindrical lens, said plurality of discrete feeds being spaced from and oriented to illuminate the inner surface of said three dimensional cylindrical lens whereby pick up elements can be illuminated from different directions along the arc of feeds to effect beam radiation from said radiating elements in the same direction, an input for receiving the output of a microwave transmitter, and switch means for selectively connecting any one of said discrete feeds to said input whereby the se quential connecting of feeds effects scanning of a beam radiating from said radiating elements. 
